In disregard of conductive transfer in heat-transfer agents and using the Newton-Richman law, a model of heat transfer in a counter-current exchanger with a thermoelectric cooling element. The heat transfer coefficient of the thermoelement branch, the average temperature of the heat-transfer agents at the entrance to the heat exchanger, as well as the average length of heat transfer between the coolant and the thermoelement are chosen as the conversion scales to dimensionless variables. The model is converted to a form containing only coolant temperatures, and the General solution of the model is obtained. The study of the model found that the cooling capacity of the heat exchanger varies along the flow of the coolant and with an increase in the density of the electric current becomes negative at the initial heat exchange section.
INTRODUCTION
Thermoelectric coolers (TEC) are widely used in a variety of thermal converters [1] [2] [3] . The effective functioning of the TEC in the composition of the cooling _____________ Igor Bataronov, Alexander Kretinin, Vladimir Selivanov, Ekaterina Spytsina, Tatjana Nadeina, Voronezh State Technical University, 14 Moskovsky Avenue, Voronezh, 394026, Russia Igor Bataronov, Alexander Kretinin, Air Force Education and Research Center "The Zhukovsky and Gagarin Air Force Academy", 54A Starikh Bolshevikov Street, Voronezh, 394064, Russia device requires special techniques for improving its capacity: the enhancement of convective heat transfer from the surfaces TEC [4] , design optimizations, such as the inclusion of additional conductive elements [5] , optimization of thermal modes of TEC operation taking into account thermal resistances of the transition layers of the structure [6] [7] [8] [9] [10] [11] [12] .Optimization of the TEC operation mode to the maximum cooling capacity has been widely considered in the literature [6, [9] [10] [11] [12] . The influence of thermal characteristics of TEC and heat transfer media on the dynamic characteristics of the device is also studied [7] . However, typically it was considered the problem of heat transfer with the participation of TEC between the stationary media in the approximation of the law of Newton-Richman. For this case, analytical results are obtained and a complete numerical analysis is performed [6] . However, specific relationships may appear in moving heatcurrent media [8] , therefore a separate model for heat transfer in a current heat exchanger with TEC is required. This model is considered in the present paper.
FORMULATION OF THE MATHEMATICAL MODEL OF HEAT TRANSFER
Heat transfer in a counter-current heat exchanger with TEC separating heat agents is considered ( Figure 1 ). The heated fluid 1 moves at an average speed 1 V and has a temperature distribution 1 () Tx along the flow direction. This direction is taken as the axis Ox orientation. Cold fluid 2 moves at an average speed 2 V and has a temperature distribution 2 () Tx . The direction of heat flow from fluid 1 to fluid 2 is considered positive. The intermediate layers A and B include the switching bus, ceramic insulators, radiators and other heat exchange elements and are described with the thermal resistance 1 R and 2 R between the surfaces of the thermocouple branches and heat transfer fluids [6] . The temperature of the cooling surface of the thermocouple is indicated as () 
When describing the heat transfer in heat agents, we will neglect the conductive component. Then, when using the Newton-Richman law, taking into account the selected flow direction (Figure 1 ) , we will have the equations:
Here i H is the thickness of the streams of heat transfer fluids, i C is their specific heat, and the heat flux density through the surface of the TEC is written in the form [2, 6]  
where  is the Seebeck coefficient of the thermocouple branches,  is thermal conductivity coefficient of branches, L is the height of the branches, j is the density of the electric current in the branch, and  is specific electrical resistivity of the branches. The correction factor for the ratio of the areas of all branches to the heat exchange area is considered to be related to the parameters , , . We transform the model (1)-(3) to dimensionless variables:
To do this, we define the scale factors by the following relations:
Here l is the length of the TEC in the direction of flow of the coolant.
To determine the length scale, we introduce the ratios for the thermal resistances of the transition layers A, B to the thermal resistance of the thermocouple branches:
with the use of which we define the parameters 
Then, the characteristic thermal lengths in the heat current agents are given in the form
Finally, we define the length scale as the inverse mean of the lengths i l :
This definition allows the introduction of dimensionless normalized coefficients:
In the end, after the substitution of expressions (4) to (10) in equation (1) 
The solution of the system (11) is found under boundary conditions
Here  is the value of the relative deviation of the initial coolant temperatures from the average value selected for the temperature scale, zparameter 0 ZT thermocouple [2] .
STUDY OF THE MODEL OF HEAT TRANSFER
The system of equations (11) differs from the classical model of heat transfer by the presence of heat sources in the heat transfer layer. These sources are constant along TEC, so the particular solution of the system (11) is directly: 12 
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To find the General solution of the corresponding (11) homogeneous system, we make a characteristic equation:
We denote the roots of the square equation (14) 
where the coefficients 12 , DD are determined from the boundary conditions (12) as a solution of a system of equations:
Equations (14) to (16) determine the General solution of the considered heat transfer model. For calculations on model (14) to (16) we use typical values of parameters of thermoelectrics on the basis of Bi 2 Te 3 [2] :  = 16 mV/K,  = 1.4 W/(mK),  = 6.7 mkOhmm, specific heat capacity of heat transfer fluids 4 MJ/(m 3 K). The geometric dimensions take L = 2 mm, H = 3 mm, flow velocity V 1 = 0.1 m/s, V 2 = 0.5 m/s, thermal resistance R 1 = 1 m 2 K/kW, R 2 = 0.5 m 2 K/kW.
The results of the calculation of the temperature distribution, cold and heat capacity for the various electric current density are shown in Figure 2 .
Note that the current density of the ideal maximum cooling capacity [2, 6] in the scale (5) used here is numerically equal to the parameter ZT and is 0.82. However, it follows from figure 2 that the maximum cooling of the hot coolant is achieved at a current density of 0.3, at which the relative cooling 1 
1
( ) l   at the outlet of the heat exchanger is 0.19. In addition, when the current density is greater than 0.4, a section of negative cooling capacity appears, on which instead of cooling the coolant is heated.
The study of the effect of thermal resistance on the degree of cooling showed that the reduction of thermal resistances can increase the relative cooling to 0.25 ( Figure 2 ), while the main contribution is the cooling of the hot surface of the TEC. It is established that the level of thermal resistance does not affect the appearance of negative cooling capacity. 
DISCUSSION
The proposed model showed that the process of heat transfer in the current heat exchanger is significantly different from the stationary conditions, in particular, the appearance of areas of negative cooling capacity. The obtained analytical solution of the model allows to optimize the operation mode of the TEC, as well as to design the values of the parameters that ensure the fulfillment of the required technical conditions for the heat exchanger. Note that the generalization of the model to the co-current scheme is carried out simply by replacing the sign in the right part of the second equation in (11) . At the same time, the model uses the integral value of thermal resistance and does not take into account the presence of the initial phase with an increased level of the heat transfer coefficient. The introduction of such a coefficient depending on the x-coordinate is possible in this model. In this case, the spatial coordinate transformation becomes nonlinear, and the possibility of an analytical solution of the system (11) is excluded. Research in such a model is possible only by numerical methods.
Numerical calculations were carried out using a universal system of computer mathematics Maple 14.
